Coal dust seriously threatens the safety and occupational health of coal mines. Numerical simulation research on the infrared radiation characteristics of diffused coal dust is carried out in fully mechanized working faces based on the optical monitoring problem of dust particles in mine atmospheric environments. The CFD method is applied to obtain the law of dust transport and distribution. Combined with Mie scattering model, the infrared radiation change characteristics and spectral selection of diffused coal dust particles are simulated and analyzed along the working face. The comparison results show the following: the attenuation and scattering characteristics of mine dust particles system are first enhanced, and then they weaken as the distance from dust source increases. The infrared attenuation of mine dust at the center of the vertical cross-section is generally greater than that at the roof and floor in the same location. The dispersion of mine dust directly determines the attenuation contribution of respirable dust to total dust. Moreover, the infrared absorption effect of functional groups in coal causes the infrared attenuation effect of coal dust to have obvious optical selectivity along the roadway, the existing optical "window. "
Introduction
Coal mine dust is the solid phase particle generated during the mining operations of crushing, tunneling, extraction, and coal transportation [1] . The generated dust particles diffuse gradually with the mine ventilation system, polluting the entire mine atmospheric environment. Relevant studies in existing literature have shown that dust, especially respirable dust, is the main cause of coal worker's pneumoconiosis; some factors that increase the risk of developing pneumoconiosis are respirable dust concentration, particle size, exposure duration, and the chemical composition of dust particles [2] [3] [4] [5] . In addition, coal dust particles are explosive in certain conditions such as appropriate temperature and oxygen may lead to coal-dust explosion or gas and coal-dust explosion accident [6] [7] [8] . According to relevant statistics, without dust prevention measures, dust concentration in fully mechanized caving faces reached 2,500-3,000 mg/m 3 ; the dust concentration in fully mechanized driving faces also reached 500 mg/m 3 [9] , which significantly exceeds relevant state health standards [10] . Therefore, the theory and experimental research on dust pollution in mine atmospheric environments have important practical significance.
Domestic and foreign scholars have done much research on dust particles distribution and migration. The main research methods involved include sampling analysis at the scene and computer numerical simulation. Relevant research shows that, at the scene, dust generated in the working face diffuses gradually with the airflow in the tunnel, which presents a nonlinear change tendency [11] . At the same time, through the interaction of gravity and buoyancy lift, dust with different particle sizes experiences trajectory separation during the flow process in the mine atmosphere [12] . CFD simulation studies based on coal mining conditions confirmed the change phenomenon; moreover, the diffusion and deposition of dust have a larger relationship with the mine ventilation system [11, 13] .
Given that dust particles in coal mine roadways seriously threaten the safety and occupational health of coal mine, the theory and method of mine dust prevention have become a popular research topic at present. In addition, the monitoring and evaluation of dust particle concentration is the precondition of mine dust prevention and control. The traditional dust filter membrane method does not meet the requirements for underground online analysis. Some researchers are already attempting to apply optical methods for detecting and monitoring mine dust [14, 15] and preliminarily formed the light scattering analysis method for dust concentration and granularity [16] . Given the particle distribution by existing industry analysis methods, they tied the light scattering properties of dust and particle projection section (or particle concentration) for a simple proportional relationship, which assumes that the light refraction parameter of particles is a constant value. The optical radiation of actual mine dust, especially coal particles and other minerals, is closely linked to its degree of carbonization and organic ingredients [17] [18] [19] . Thus, this simple hypothesis may cause big measurement errors. At the same time, existing mine dust optical measurement technology adopts the gas collecting sampling method. Interfering with the airflow outside, which distorts the concentration measurement, is inevitable. Moreover, the method can only sample several limited points but cannot monitor the nonlinear distribution change of mine dust in long wall faces and roadways in real time.
In summary, to effectively and accurately monitor and assess the pollution level of mine dust, the dust composition and its optical properties in roadways must first be thoroughly investigated, subsequently, the optical radiation characteristics simulation model [20] [21] [22] of mines must be set up based on the distribution regularity of dust in roadways, and, finally, mine dust comprehensive analysis system can be formed.
This paper adopts the CFD method to conduct a simulation research on mine dust particle pollution in typical fully mechanized working faces based on mine dust diffusion and distribution data in roadways, given the optical constants of mine dust particle according to the actual conditions of coal seam occurrence. The Mie scattering model is also used to set up the quantitative analysis method of mine dust optical radiation characteristics. This study is conducted to investigate the variations in attenuation, scattering, and transmission characteristics of dispersed particle systems as spectrum and distance change along the roadway in typical fully mechanized working faces.
Model and Formula

Mine Dust Particles Migration Model.
To study the distribution and migration regularity of dust particles in the mine atmosphere, considering the release conditions of mechanical work dust source in fully mechanized working faces, this section establishes the mine atmosphere-dust coupled flow mathematical description along the tunnel based on gas-solid two-phase flow theory. Considering the characteristics of two-phase flows in the mine atmosphere, this paper establishes a flow control equation based on the Eulerian-Lagrangian model, which considers mine ventilation gas as a continuous phase and mine dust particles as a discrete phase.
Based on the assumptions above, we use the threedimensional steady incompressible Navier-Stokes equation to describe the gas flow along the tunnel in fully mechanized working faces [23] . We also use the k-model to describe the turbulence effect and ignore heat transfer. Consequently, we obtain the following equations.
Continuous equation:
Kinematic equation:
equation:
Among them,
where is the turbulent kinetic energy change rate of shear force, ℎ is the turbulent kinetic energy, m 2 /s 2 , is the turbulent kinetic energy dissipation rate, m 2 /s 3 , is the laminar viscous coefficient, Pa⋅s, is the turbulence viscosity coefficient, Pa ⋅ s, is the turbulent effective pressure, Pa, is the quality of volume of gas, kg/m 3 , are the coordinates of the , , and directions, m, are the speed of the , , and direction, m/s, and 1 , 2 , and are empirical constants whose values are 1.44, 1.92, and 0.09, respectively. and are Prandtl number corresponding to the turbulent kinetic energy and turbulent kinetic energy dissipation rate whose values are 1.3 and 1.0, respectively.
Given that the gas phase flow model is established, we introduce a discrete phase model to describe the force balance effect of dust particles suspended in the mine atmosphere. The equation can be defined as
where is the particle mass, kg, is the particle velocity, m/s, Σ is the particle total force, N, is the particle motion Mathematical Problems in Engineering 3 resistance, N, is the particle gravity, N, is the particle buoyancy, N, is the other force, N, and added mass force, Magnus lift, thermophoresis force, Saffman lift, Brown, and so on are included. The order of magnitude of these forces is very small and ignored in the paper. Consider
where is the resistance coefficient, is the dynamic shape coefficient, according to the dispersion experiment data, here taking 1, is the windward area of particle, m 2 , is the airflow velocity, m/s, is the particle velocity, m/s, and is the resistance coefficient associated with the Reynolds number of particles. Consider = (Re ) ,
where Re is the Reynolds number, dimensionless, and the particle diameter, m. We solve the particle tracks through the integral differential equation of particle forces in the Lagrangian coordinate. Sufficient representative particle trajectory is calculated to obtain the law of particle movement and diffusion as well as the distribution in continuous phase.
Optical Radiation Model of Mine Dust Particles.
The two-phase flow model in coal mines have been discussed above. We can obtain the distribution and migration regularity of dust particles along the tunnel in fully mechanized working faces using calculations. The calculations are made according to the simulation results of particle concentration and dispersion in different locations along working faces. Combined with the theory of particle radiation, we can obtain the variation in the attenuation and scattering characteristics of dust along the tunnel. This paper adopts Mie scattering model to calculate the attenuation factor, scattering factor, scattering albedo, and scattering phase function of single mine dust particles [24, 25] . Its formula is
where is the particle optical constant, = − , and are refractive index (single refractive index) and absorption index, respectively, is the size parameter = / , is the geometric projection area of the spherical particles,
is the scattering albedo of single particle, Φ is the scattering phase function of single particles, is the scattering angle, Re is taking the real component of plural, and are the Mie scattering coefficients, 1 and 2 are the complex amplitude functions, 0 , 1 (0), and 2 (0) are the prior amplitude functions, 0 = 1 (0) = 1 (0).
The particle swarms of mine dust in any location along the tunnel in working faces are composed of a series of different scale particles. The optical radiation parameters of nonuniform particle swarm can be given by the following formula:
where is the particle size, m or m, ( ), ( ), and ( ) are the attenuation, absorption, and scattering crosssection of a particle with the diameter of , ( ) is the particle number density distribution, m −3 ⋅ m −1 or m −3 ⋅ m. Due to the common industrial analysis of coal dust, the nonuniform size dust particles are generally divided into several size ranges for statistics. Therefore, the discrete integration is employed to approximate the continuous number density function in this paper and the middle diameters of each particle group are selected as equivalent diameters for calculation to approximate the above equations.
Mine Dust Distributions along the Fully Mechanized Working
Geometry Model and Parameters
Configuration. This paper adopts CFD method to create a numerical simulation on a typical fully mechanized working face in the Wuda mining area, northwest China. Because there are coal-cutting machine, supporting equipment, and cable tray on the fully mechanized working face, the model becomes so complicated that setting up an exact geometric model becomes impossible. Thus, the calculation area is simplified and a cuboid calculate area of 100 m * 4 m * 3 m is set up. A 5 m * 2 m * 1.2 m coalcutting machine is set up and simplifies the supporting equipment as four cylinders. Then, grid plotting is accomplished as shown in Figure 1 . According to the characteristics of two-phase flow in fully mechanized working face combined with the mathematic model, we set up the main index of data simulation and boundary condition as follows. Solver: segregated, viscous model: k-epsilon, discrete phase model: on, material: coal-ml, and diameter distribution: Rosin-Rammler, min. Diameter: 2 m/s, and outlet boundary type: outflow. Then, the computation based on the conditions above is simulated.
Simulation Results.
According to the established model combined with CFD method, we carried out the numerical simulation on mine dust particle diffusion phenomenon along the tunnel in fully mechanized working face with the mechanical work dust source. The mine dust concentration and dispersion distribution in the direction of along the tunnel (5 m to 90 m from dust source) and the vertical direction (0.5 m, 1.5 m, and 2.0 m above the floor) are obtained, respectively. The numerical results are shown in Figure 2 as well as Tables 1 and 2 . Figure 2 shows the presence of a slight increase in the dust concentration, which is 1.5 m above the floor, from 5 m to 10 m. Then, dust concentration declined sharply. After 25 m, dust concentration remains almost stable. Particles settle gradually under the force of gravity during the process of diffusion, which leads to the variation of dust concentration in the vertical direction. Along with the increase of distance from dust source, large particles gradually settle completely. Small particles diffuse with airflow. The variation of dust concentration in vertical direction becomes smaller and smaller and gradually becomes stable.
Under the background of coal dust analysis, the nonuniform particle sizes are separated into four ranges: <2 m, ≥2∼ 5 m, >5∼10 m, and >10 m. The simulation results of dust particle dispersion in two-dimensional direction are shown in Tables 1 and 2 . 
Optical Constants of Coal Dust Particles
The typical fully mechanized working face in Section 2 is located in the Wuda mining area, Northwest China. Its coal era is the Carboniferous Taiyuan group, Upper Palaeozoic group, and Permian Shanxi group, which contain 27 coal seams in total. The fully mechanized working face is located in the 16# coal seam. The industrial analysis of some coal seams is shown in Table 3 . Analyzing the coal seam above, we can find that the mine dust particles in fully mechanized working face should be bituminous coal particles according to the degree of coal metamorphism.
Currently, many related reports on the optical radiation of pulverized coal particle are available. Previous studies [17, 18, 26] conducted a systematic study on the optical radiation characteristics of coal, ash, and carbon black particles using a coal-fired boiler and a combustion chamber based on Mie scattering theory. According to the infrared transmission experiment data of coal particles, we can obtain the complex refractive index of coal particles in different wavelengths through the inversion method. In this paper, according to the data provided in [26] , we obtain the optical constants of bituminous coal particles and list the complex refractive index data under the spectral range of 2-25 m in Table 4 . This paper assumes the dust particles to be homogeneous spherical particles whose physical properties are the same in all directions. On the basis of determining the complex refractive index of coal particle combined with the Mie scattering model mentioned above, the attenuation, scattering factor spectrum distribution characteristics of mine dust are calculated as shown in Figures 3 and 4 . Figure 3 shows the following: within the wavebands 2-25 m, the attenuation characteristic of medium size dust particles (2 m-10 m) is far stronger than small particles (0 m-2 m). The attenuation characteristic of the mine dust whose particle size is less than 10 m peaks at the spectral ranges of 2-5, 8-12, and 20-25 m respectively. In addition, the spectral peak moved towards the long wave as particle size increased. The minimum point of attenuation factor occurs at around 8 m. Large particles with sizes of more than 10 m have scale factors greater than 1 under the spectral band. The particle is embodied in big particle scattering characteristics. Thus, its attenuation characteristics vary little with wavelength. A comparison of Figures 3 and 4 shows that the variation law of mine dust scattering is similar to its attenuation characteristic. Its scattering factor is significantly less than the attenuation factor when the wavelength is greater than 8 m. This result suggests that the particulate absorption effect is significant within the spectral range.
Results and Discussion
The law of dust transportation and distribution with the optical radiation parameters of coal dust particles are combined. This paper adopts the Mie model to carry out numerical simulations for the optical radiation properties of dust particles in two-dimensional directions (along the tunnel and the vertical direction) of a working face roadway. Current studies on mine dust mainly concentrate on respirable dust and total dust. Thus, this section mainly analyzes these two kinds of dust particles.
Optical Radiation Properties Variation Law of Dust along the Working Face.
According to the dust particles concentration and dispersion along the tunnel, combined with Mie scattering theory, we calculated and analyzed the optical radiation characteristics of respirable dust and total dust, respectively. Figures 5 and 6 show a slight increase in the attenuation coefficient of respirable dust as the distance from the dust source increases. Then, it declines sharply until 25 m. Subsequently, it remains almost stable. This phenomenon anastomoses with the law of dust concentration distribution. In addition, the attenuation characteristics of mine dust under the shortwave spectrum are stronger than in other spectrums because the scale factor of respirable dust is greater than 1 under shortwave. Moreover, its forward scattering was greatly enhanced. The variation law of total dust attenuation characteristics along the tunnel is similar to respirable dust. The attenuation coefficient of total dust is larger than respirable dust under arbitrary wavelength. The optical radiation characteristics of total dust relatively increase due to the added radiation of large particles. Figures 7 and 8 show that the variation law of dust particle scattering coefficient along the tunnel is similar to its attenuation coefficient. The scattering coefficient of dust particles obviously declines as the detection wavelength increases. The scale factor of mine dust is relatively small under the long wave. Its forward scattering effect has been seriously weakened. Thus, the scattering coefficients of dust particles gradually converge to 0.
When calculating the transmittance in this model, we choose to set detection light in the vertical direction of the coal wall and then summarize the data at each sampling point. As shown in Figure 9 , , , and are the direction of along the tunnel, the vertical direction from rook floor to roof, and the vertical direction of the coal wall, respectively. The red line is the detection optical path.
According to the simulation results of particle concentration and dispersion, we consider the particles distribution to be uniform in the vertical direction of the coal wall. When calculating the transmittance of particle in direction, the optical path is set to a constant value of 4 m. Based on the assumption above, according to the relationship formula between transmittance and the attenuation coefficient = exp Figures 10 and 11 show that the variation law of mine dust transmittance along the tunnel is negatively related to mine dust concentration distribution. When the dust is close to the dust source, the transmittance of mine dust under the shortwave spectrum is relatively small. This type of mine dust has a stronger attenuation effect for transmission signal. The transmittance of total dust is weaker than respirable dust along the tunnel due to the attenuation contribution of large particles. The transmittance of mine dust is in a nonlinear increase as the distance from dust source increases.
Optical Radiation Properties Variation Law of Dust in
Vertical Direction. According to the simulation data of dust concentration and dispersion in the vertical direction, three sites (5, 15, and 25 m from dust source) are used as sampling sites, respectively. Mie scattering theory is also used to calculate and analyze the optical radiation characteristics of mine dust, which is 0.5, 1.5, and 2.0 m above the floor in the three sites, as shown in Table 5 . Table 5 shows that the attenuation characteristics of repairable dust at the center of the vertical cross-section of roadway (1.5 m above the floor) are stronger than those near the roof and floor. The relationship of the attenuation coefficient between the particles at the roof and the particles at the floor is related to sampling sites and wavelength, which anastomoses with the law of dust concentration distribution in the vertical direction. The scale factor of mine dust is greater than 1 under shortwave. The enhanced forward scattering resulted in the particle with larger attenuation characteristics under shortwave.
The attenuation coefficient of total dust particles presents a similar variation law. Moreover, the total dust particles compound the radiation from large particles. Such radiation causes the attenuation coefficient of total particles to be larger than respirable dust.
The variation law of particle transmittance in vertical direction is calculated and analyzed in the same way, as shown in Table 6 . Table 6 shows that the variation law of dust transmittance is negatively related to mine dust concentration distribution and attenuation coefficient. The dust particle concentration is larger in the center of cross-section, which leads to the poor transmittance of particles and seriously influences the optical detection of mine dust particles.
The Relationship between the Spectral Selectivity and
Distribution of Mine Dust. The study above analyzed the infrared radiation characteristics variation of dust particles, which disperse in the tunnel in the two-dimensional direction. The optical radiation characteristic of mine dust has obvious selectivity for wavelength and is directly linked to mine dust concentration and particle size distribution. Thus, this section selects three sites (5, 25, and 50 m from dust source, resp.) as sampling points. We calculate and analyze the transmittance of total dust and respirable dust under the band spectrum of 2-25 m (data is taken from the crosssection center line). Figures 12 and 13 show that the spectral transmittance of respirable dust and total dust has similar variation laws. The dust particle concentration is relatively high near the dust source ( = 5 m). As a result, the spectral transmittance is minimum. Meanwhile, the contribution to the attenuation of large particles caused the spectral transmittance of respirable dust to be higher than that of total dust because large particles are a big part of total dust. As the distance from the dust source increases, the particles system becomes thin and the spectral transmittance is enhanced gradually. Moreover, the relative increase in small particle makes the transmittance values of respirable dust and total dust basically the same.
From the point of wavelength scale, hydroxyl and carboxyl functional groups exist in bituminous coal particles. The absorption peak occurs within the band spectrums of 2-5 and 8-12 m. Thus, the infrared transmittance of mine dust reaches the highest point at approximately 7.5 m and the lowest point at approximately 9 m. The transmittance of particles in different sampling points has similar variation laws as wavelength increases. However, the flank spectrum of the transmittance near the spectral peak is widened as the distance from the dust source increases. Such phenomenon is the transmittance spectrum peak broadening phenomena. This phenomenon is mainly produced when the mine dust concentration decreases; specifically the reduction of large particles scattering contribution weakens the spectrum attenuation effect. Therefore, when conducting remote optical monitoring in long wall working face, to guarantee the effectiveness of the transmitted signal, optical radiation characteristics based on the actual composition of mine dust must be taken as prior data and reasonable detection wavelength bands must be chosen. In view of the bituminous coal particle analyzed above, we should choose the band spectrum of 5-8 m or 12-25 m when conducting the optical detection.
Conclusion
In this paper, the CFD method is applied to simulate the law of mine dust migration in fully mechanized working faces with dust sources based on two-phase continuous and discrete model. The concentration distribution and dispersion of mine dust are obtained at different locations. According to the occurrence of coal seam in typical working face, we choose the optical constants of bituminous coal particles as infrared complex refractive index parameters of coal dust, combined with Mie scattering theory. Then, we established the optical radiation characteristics simulation method of mine dust and analyzed and summarized the variation law of attenuation, scattering, and transmission spectrum of respirable and total dust particles system along the roadway within the spectral range of 2-25 m.
The result shows the following: the infrared radiation characteristics of coal dust in working face are directly linked to the concentration, dispersion, and metamorphic degree of coal dust. (1) As the distance from dust source increased, the attenuation and scattering characteristics of respirable dust and total dust along the tunnel have a slight increase and then decline sharply until 25 m after which it remains almost stable; the infrared attenuation of mine dust in the center of the vertical cross-section is generally greater than that at the roof and floor. (2) The attenuation characteristic of respirable dust under the shortwave spectrum is significantly stronger than that in any other spectrum. The absorption effect of functional groups in bituminous coal caused an absorption/transmittance spectrum peak to appear in the infrared wavelengths of mine dust, and the width of the spectral peak varied along with the concentration and dispersion along the tunnel. The results of this paper can lay a scientific basis and theoretical guidance to the optical remote real-time monitoring of dust pollution sources in mine atmospheric environments.
